A BSTRA CT . T wo a ir-permeability devices were developed and m easure ments we re made to stud y th e re la ti onship between air perm ea bility a nd stru cture of ~iffe rc lll snow lypes. Permea bilili es va ri ed bo th with positi o n and directi on in th e snow-pack, a nd cha nged with tim e as m e tamo rphic cha nges occ urred . A marked in crease of a ir perm ea bility was noted as face ted crysta ls grew du e la radiation rec rys ta lliza tion. In o th er observa ti ons, as a snow-pac k densiflcd and c rys tals became more rounded (destru cti ve metamorphism) th e air permea bility dec rea'sed. Measureme nts were made of air perm eability o f snows that had been subjec ted to a creeping tensil e stra in , a nd initi al tes ts ind icated th a t the cha ng es in air perm eabilit y due to strain , eve n to rupture, we re sig nificant, but small compa red with th e intrinsic variability of sno w .
I NTRODUCTI ON Gubler (1978) suggests that the tensile strength of snow is a function of snow texture rather than simply a function of density. Most descriptions of snow texture have been based on the analysis of thin sections (Good, [1975J; Kry, 1975; Narita, 1980) where parameters such as the type of grain, the area of bonds, the number of bonds per grain, and how these bonds link several grains together, were studied.
Both Shimizu (1970) and Martinelli (1971) suggest that air permeability may also give an indication of snow texture. Field evidence by Martinelli (1971) shows that correlation with air permeability explains some of the scatter in the tensile strength/density relationship for snow. His data suggest that at any given density there is a certain texture or permeability of snow for which the tensile strength is a maximum.
Observations by Narita (1980) on samples that had been subjected to uniaxial tension show the formation of small cracks across the sample, perpendicular to the direction of deformation, when the strain-rate was not too small (greater than about 10-5 s-1, depending on the snow temperature and density). Narita also observed that bonds were preferentially cut rather than elongated, although at the lowest strainrates (10-ii s-I), the tensile deformation was thought to be associated with rearrangement of grains rather than crack formation.
Our measurements in this study were made to evaluate the usefulness of air permeability in characterizing snow texture. More specifically, our measurements of air permeability were: 1. on snow of various densities, grain type, and size; 2. on snow of similar age, density, and type so we could evaluate the intrinsic variability and independence of permeability from these measures, in a given snol+-pack; 3. on snow where metamorphic change was apparent; 4. on snow that had been subjected to a creeping tensile strain, to determine whether cracks or bond elongation as observed by Narita (1980) The first portable air-permeability device used in these experiments relied on an air supply from a tank that was pressurized just before the test . Later we developed another smaller device with a hand-operated fan to provide an air flow.
THE AIR PERMEOMETERS

The tank permeometer
A schematic drawing of this device is shown in Figure 1 . The four litre tank, which was pressurized to about 350 kPa with a hand pump, was connected to a pressure gauge and a rapidly activated on/off valve. We could remove the sampling head from the device to sample a 0.312 1 sample of snow. The head has a 1.1 mm diameter orifice at the base through which flowed air from the pressurized tank. The flow-rate was a function of gas temperature, tank pressure, and atmospheric pressure (i.e. corrected for altitude), (Conway and Abrahamson, unpublished [aJ) . A Dwyer inclined manometer (0-80 mm water gauge with a resolution of 1 mm water) was connected to a tapping on the side of the head to enable us to measure the pressure drop over the sample. We made the sampling head from methylmethacrylate tubing to minimize heating from radiation (melting was observed when we used a metal sampler), and a rubber O-ring at the base of the sample guarded against edge leakage effects. Some glass fibre pads at the base of the head, dispersed the air flow through the sample and stopped venturi effects at the manometer tapping. The overall dimensions of the permeometer (excluding the pump) were 500 mm x 350 mm x 300 mm and the weight was 6.2 kg.
The bLower permeometer
A sketch of this device and a photograph are shown in Figure 2 . This more portable device (weighing 1 kg), was 280 mm long and 90 mm in diameter with a removable handle to drive the fan. We used two Dwyer (0-80 mm water gauge) incl ined manometers, one to give us an estimate of air flow-rate (via pressure drop across an 8 mm diameter orifice below the fan), and the other to measure the pressure drop over the sampl e. The fan had a geari ng of 1 :40, and superficial air velocities of up to gO mm s-l were possible. The vortex induced by the fan required an 8-bladed radial baffle system above the impellor to avoid vortex penetration to the pressure tapping just below the sample, and to disperse the air evenly through the sample. Again the sampler was made from methylmethacrylate tubing and the sample volume was 0.363 l.
EXPERIMENTAL PROCEDURE
We made most of the experiments described, on the upper Tasman Glacier (altitude 2100 m) in the Mt Cook National Park over the New Zealand 1981 and 1982 winters. This is a region of high snow-fall where storm cycles may typically deposit 0.3-1.5 m of generally dry snow with new-snow density in the range 40-250 kg/m>. Wi nter snol't-pack temperatures may vary from -2°C to -25°C and most slopes are glacially based. The area is noted for considerable wind strength and most snow-falls are associated with wind.
Our samples were cylindrical in shape and were generally taken with the axis perpendicular to the snow surface (Z direction) although some were taken with the axis parallel to the slope both up-slope (X direction), and across-slope (Y direction), to study the anisotropic natu,e of the snow. We measured crystal size and type with a 14x hand lens and grid, and used the classification system outlined by Sommerfeld and LaChapelle (1970) to describe the crystals. We also recorded density, snow temperature, slope profile, and angle at each site.
Darcy's law states for low velocities (in the laminar flow region), the rate of flow of a fluid through a bed of particles is directly proportional to the pressure gradient causing the flow. Thus, if a volumetric flow-rateQ flows through a sample of cross-sectional area A and length L under a pressure difference liP between the ends, then:
where B is a constant (fluid permeability which is dependent on the properties of the fluid as well as the pore structure of the medium).
Some of the major experimental problems and effects of changing flol't-rates and sample size are discussed in a report by Conway and Abrahamson (unpublished [a] ). That report showed that the permeability B did not change significantly with increasing flowrates within the range of flow-rates used (velocities of 50-100 mm/s), although the permeabilities measured were probably influenced by some turbulence within the snow pores, and could be up to 16% high compared with those for flol't-rates expected in the strictly laminar regime (using the Ergun correlation -see Bird and others, 1960, p. 196-200) . Conwayand Abrahamson recorded about 27% reduction in permeability when using a smaller sample area (sample diameter reduced from 90 mm to 53.3 mm), and they attributed most of the change to the higher range of velocities used with subsequent increased turbulent flow. They ------ also included a calculation comparing the 53.3 mm diameter sample with the 90 mm diameter sample to determine the effect of wall leakage of air and concluded that this effect was small.
RESUL TS OF TESTS
Air permeabiLity-density reLationship of snow
The distribution of air permeability of snow of various types is given as a function of density in Figure 3 , together with data from Shimizu (1970) . We note a general agreement with Shimizu's measurements. As observed by Shimizu (1970) and Martinell i (1971) , no unique relationship between air permeabi 1 i ty and density caul d be found .
JournaL of GLaoioLogy
~,T-.+* *+ Perla (1978) suggested density variations of at 1 east 10% in wi nd-depos i ted snow, and we recorded considerable variation of snow strengths (at the same site and time) on the slopes of the upper Tasman Glacier during the 1981 and 1982 winters.
At several sites, we took samples in the X, Y, and Z directions and recorded direction-to-direction variations of up to 20% of the mean permeability. We analysed the data statistically by comparing the difference of the means in each direction with the pooled error standard deviation. The difference of permeability in the X and Y directions was not always significant, but the mean air permeability of snow measured in the Z direction was always significantly lower (0.01 1 evel) than those measured in the X or Y directions. Care was taken to sample always within a layer of more than 90 mm depth, to avoid stratification.
Repeated tests at the same site, sampling in the Z direction, gave standard deviations of up to 15% of the mean air permeability of the snow. Although some of this variability may be from our experimental error (e.g. flow-rate readings, manometer readings, sample disturbance), we think that much of the scatter is due to the intrinsic variability of the snow.
Air permeabiLity ohanges with metamorphic changes in the snow
We revisited several sites during times of noprecipitation and recorded the change of air permeability of the same layer. Some of these cases are summarized below. At each site at any time, we have 1 isted the number of readings taken (n) and the standard deviation (SD) together with the mean permeability measurement. Snow types are classified after Sommerfeld and LaChapelle (1970).
1. Over a period of eight fine cold days (maximum screen air temperature = -1.4°C, minimum screen air temperature = -9.4°C), radiation recrystallization of snow just under a surface crust occurred.
At one site (slope = 10°, west aspect), crystal structure and si ze changed from 0.5-1 mm early temperature-gradient (TG) crystal s to 1-2 mm TG crystal s. Although the snow density did not alter (190 kg/m3) and snow temperature remained at -7.2°C, the air permeability increased from 28.1 x 10-5 rr/' N-1 S-l (SO = 3.5 X 10-5 , n = 18) to 45.7 x 10-5 rr/' N-1 s-l (SO = 4.0 X 10-5 , n = 16). At another site (slope 32°, south aspect) simil ar structure and size changes occurred on snow with a density of 174 kg/nil and temperature -10°C, and the air permeabil ity increased from 33.2 x 10-5 rrt+. N-1 s-l (SO = 4.0 X 10-5 , n = 12) to 95.4 x 10-5 rr/' N-1 s-l (SO = 9.3 X 10-5 , n = 8). On this same surface snow, we measured a decrease of the mean shear strength (measured with a 0.09 m2 shear frame) from 380 N/m2 to 218 N/m2 over the same time period • 2. Similar weather conditions during another period of three fine days caused some faceted crystals to develop under a surface crust. The air permeability of the snow just below the surface crust increased from: 8.9 x 10-5 rrt+ N-1 s-l (SO ; 0.6 X 10-5 , n ; 12) to 12.5 x 10-5 rrf+ N-1 s-l (SO = 1.0 X 10-5 , n = 9) for an initial snow density of 240 . kg/m 3 and snow temperature of -20°C.
3. Over another period of five days, a new snow layer near the surface changed from new snow, to equitemperature type snow, and finally to radiation-recrystallized snow. These trends are plotted in Figure 4 and show decreasing permeability with destructive metamorphism, and increasing permeability with constructive metamorphism. 
Air permeability changes with tensile strain
We investigated the possibility that the variability of air permeability of snow is due to tensile strain causing localized cracks or crystal elongation, by comparing air permeability of snow that we had artificially strained, with similar snow that had not been st ra i ned. A dev ice desc ri bep by Conway and Abrahamson (unpublished Cb] ), strained a sample by pulling apart two aluminium plates which had been frozen onto the ends of the sampl e. The other technique we used for straining a sample was to isolate a snow column on a slope from effects of side-shear and compressive hold-up with saw cuts, also isolating it from effects of basal shear with a frictionless plate that we could slide under the column (see 
Fi g. 5)
. Th e col umn coul d be le ft t o creep fr om t he gravity pul l on t he snow above th e pl ate, or on e cou l d app ly an addit i onal fo rce on t he col umn by i nse r ting some clamps on the sides of the column and pu lli ng these wit h a cal i brated sp ri ng ; detai l s of th i s are i ncl uded i n Conway and Ab r ahamson , 1984 . Ave r age st rain-r ates between t he end pl ates i n t he tensi l e teste r we re from 5. 9 x 10-5 S-1 to 1. 3 x 10~ s-1 . We were not always certain of the actual st rai n over t he samp l e si nce we di d observe some deve l opme nt and wi deni ng of cracks between t he snow and the plates whi ch would suggest that the st ra i n within the sample wou l d be sma ll er tha n the stra i n measured ac ross t he end plates . In ot her cases, the st r a i n was measu r ed between ma r kers in the snow itse l f . Na r ita (1980) fou nd t hat the st r ain at whi ch vis i bl e cracks occurred in a samp l e under tens i on depended on t he st r ai n-rate as well as the snow properties, and i n our tests, the st rai ns we r e not suff i cient to cause visib l e cr acks. Howe ver, measurements of the air permeabi li ty of samp l es that had been st rained i n the tens i le teste r we re si gni f icant l y hi ghe r (0 . 05 conf i dence l evel) tha n air permeab ili t i es of cl ose l y similar snow that had not been st r ained . Fi gure 6 s hows the changes in permeabi li ty after strain as a fu nction of the (tensile) strain . Our init i al measurements appear to ind i cate an inc rease of permeabi l ity with increased st rain, in l ine wi th the cracks observed by N ari ta (1980) at hig he r stra i ns . More measurements are requ i red to confi rm t hi s t rend.
We did not measure strain over t he columns of snow whic h were strained in situ (as i n Fi gu re 5), but we di d f ind an increase of air permeabi lity when we com- pared stra i ned samples wit h undisturbed sam pl es . One set of typical data is show n in Figure 7 .
Pe1'17/eabiHty changes with position on sLopes
We measured large differences of permeabi l ity (up to 300%) down slopes in samp l es of sim il ar age, denSHy, tempe r ature , crysta l s i ze, and type . Two examples .of ~e rmeab i l i ty measurements down slopes ar e shown ln Fl gure 8. We made a number of obse rv ations a b at each site, and an analysis of the variation due to the change of site down the slopes showed the permeability between sites to be significantly different. Although the measurements were made on slopes that often avalanche, we did not observe instability of any of the slopes either before or after the measurements.
DISCUSSION
Often we found it difficult to sampl ea uniform layer due to the wind stratification of the snow, but once a layer had been isolated with a spatula, a homogeneous sample could be obtained. Care needed to be taken to keep the sampler aligned during sampling especially in the denser snows, which were more difficult to penetrate.
The fi rst (tank) air permeometer was bul ky and required considerable effort to pressurize the cylinder with the handpump. Sometimes the orifice partly blocked with snow or water and gave an erroneous airflow reading. A permeability measurement could be achieved with this device within about five minutes.
The blower air permeometer was less bulky and easier to operate, but the gear train (ratio 1:40) required for a reasonable air flow-rate was delicate and care had to be taken in keeping snow and grit out of the gears. The average time for a permeability measurement was less than one minute.
Scatter in our permeability-density plot was similar to that found by Shimizu (1970) (see Fig. 3 ). We also observed high variability of air permeability over small areas (less than 1 m2) and this suggests significant variation also of other snow properties over similar small areas (in particular snow strength). More measurements on closely similar samples are required before one could show whether or not any quantitative relationships between air permeability and strength exist.
One cause of the variations of snow-pack properties could be the depositional characteristics of wind-blown snow. The differences between measurements of air permeability in samples taken in different directions support this concept, as does the high variability of permeability measured within small areas. Several studies have measured periodic fluctuations in snow transport (e.g. Dyunin, 1967; Kobayashi, 1979) , and have suggested that these could cause dunes in the snow. Again, more measurements are required to determine whether the variation of permeability is also periodic and related to this type of deposition.
Measurements on columns of snow that had been strained (Fig. 7) , showed not only a significant increase of permeability after strain, but also a much higher scatter. If the increase of permeability is closely related to crystal elongation or cracks formed due to strain, then the high variations of permeability that we measured within the strained sample would support the evidence of Singh and Smith (1980) , who found non-uniform strain along samples that had been subjected to a tensile stress.
The large variations of air permeability measured down slopes (Fig. 8) , were probably caused by several factors. If the changes were related solely to strain, one might expect to observe high permeability in the tensile zone of a snow slab that is creeping, and relatively lower permeabilities in the neutral and compressive lones. Since the trends we observed on most slopes (four out of the five investigated), were different from this, we suspect that the depositional characteristics (or subsequent metamorphic changes) caused much of the variation. These influences made it difficult to gauge the importance of differential creep on the air permeability at different positions down slopes, especially as the slopes investigated were relatively stable (no avalanches occurred before or soon after testing).
CONCLUSIONS
Ai r permeabil ity appears to be a useful parameter to give an indication of snow texture, and we developed a small hand-operated permeometer to make rapid field measurements of the ai r permeabil ity of snow.
We found ai r permeabi 1 i ty to be strongly dependent on metamorphism of the snow, and an increase of permeability appeared to be associated with constructive metamorphism, and a decrease of permeability with destructive metamorphism. We also found a small, but significant increase of permeability after samples had been subjected to tensi 1 e strain. We have insufficient data to know whether we could use this technique to identify early stages of run-away creep in a snow-pack, which may lead to instability.
We suggest that a decrease of permeability over a period of time on similar snows is a stabilizing trend in the snow-pack (either due to bond formation and/or destructive metamorphism of the snow), and an increase of permeability over a period of time is a sign of increasing instability (either due to bond elongation or bond breaking due to strain and/or constructive metamorphism of the snow).
